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We determined the phase diagram involving diamond, graphite, and liquid carbon using a recently 
developed semiempirical potential. Using accurate free-energy calculations, we computed the solid-solid 
and solid-liquid phase boundaries for pressures and temperatures up to 400 GPa and 12 000 K, 
respectively. The graphite-diamond transition line that we computed is in good agreement with experi­
mental data, confirming the accuracy of the employed empirical potential. On the basis of the computed 
slope of the graphite melting line, we rule out the hotly debated liquid-liquid phase transition of carbon.
Our simulations allow us to give accurate estimates of the location of the diamond melting curve and of 
the graphite-diamond-liquid triple point.
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Knowledge of the phase diagram of carbon under ex­
treme conditions is of crucial importance for a better 
understanding of a wide variety of physical phenomena. 
This phase diagram determines the carbon content of the 
interior of the earth and other planets and it determines the 
optimal conditions for the manufacturing of synthetic dia­
monds. In spite of intensive experimental, theoretical, and 
numerical investigations [1-15], our knowledge of the 
phase diagram of carbon for pressures (P) and tempera­
tures (T) in the range up to 100 GPa and 10000 K is still 
fragmented because experiments under these conditions 
are difficult if not outright impossible. Thus far, quantita­
tive theoretical and numerical predictions were hampered 
by the fact that the existing atomistic models for carbon 
had serious flaws that made them unsuited for quantitative 
predictions. In this Letter, we show that free-energy calcu­
lations [16] on a recently proposed model for carbon [17] 
allows us to compute the carbon phase diagram with un­
precedented accuracy.
In the range of pressures and temperatures up to 100 GPa 
and 10000 K, carbon exhibits a graphite (G) and a dia­
mond (D) solid phase at lower temperatures, and a liquid 
(L) phase at higher temperatures (Figs. 1 and 2). The 
graphite-diamond coexistence line has been relatively 
well characterized up to 2400 K [1,8]. For the graphite 
melting line, a large amount of experimental data are 
available [2-4,6,7,9]. The experiments have in common 
that the melting temperature varies little with pressure, and 
most of the measured graphite melting P -  T lines [2,3,9] 
show a maximum around P = 6 GPa. However, the nature 
of the maximum is not well established. The melting 
temperatures show a rather large spread. In any event, as 
was pointed out in Ref. [15], these melting temperatures 
are determined indirectly, on the basis of a rather uncertain 
estimate of the melting temperature at ambient pressure. It 
appears that the estimated melting temperature depends 
significantly on the heating rate of the sample [6,7], yield­
ing values from 3700 to 5000 K below 0.01 GPa. The 
precise nature of the maximum in the melting curve is 
important, because a discontinuous change of slope of 
the melting curve at this point would imply the existence 
of a liquid-liquid phase transition (LLPT) line, branching 
off from the graphite melting curve.
The possible existence of a LLPT for carbon has been 
the object of much speculation. After the theoretical 
analysis of Ref. [10], based on the experimental data of 
Ref. [2], the question of a pressure-driven first-order tran­
sition in the graphite melt was addressed. In subsequent 
theoretical work [11], it was suggested that the transition 
takes place between two liquid phases, from a dominantly 
sp2-coordinated (threefold) to a denser, mainly 
sp3 -coordinated (fourfold) liquid. The strain energy 
among the two liquid would be large enough, according
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FIG. 1 (color online). Phase diagram of carbon at lower pres­
sure. The solid triangle, square, and diamond are the three 
coexistence points found by equating the chemical potentials 
at 4000 K (see text). The solid circle with error bars indicates the 
experimental estimate for the L-G-D triple point [8,11,13].
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FIG. 2 (color online). Phase diagram of carbon at all calcu­
lated pressure. Solid circle, shock-wave experiment of Ref. [5] 
indicating diamond. Crosses mark the liquid with equal amount 
of three and fourfold atoms. Circles represent state points in 
which the sample freezes. In the region in between the two series 
is the ‘‘diamondlike liquid’’: the star is the point reported in 
Ref. [21].
to Refs. [18,19], to allow a first-order LLPT. Molecular 
dynamics (MD) simulations [13] with the semiempirical 
Brenner bond-order potential [20] found indeed a first­
order LLPT, albeit between a mainly twofold liquid and 
a mainly fourfold liquid. Subsequent ab initio MD simu­
lations [15,21] did not confirm this finding. Rather, these 
authors suggested that an overestimation of the torsional 
contributions in the model potential of Ref. [13] was 
responsible for the transition.
In shock-wave experiments [5] it was found that at P = 
140 GPa (solid circle in Fig. 2) the diamond sample was 
not yet melted at a temperature beyond the triple point 
temperature, implying that the carbon diamond melting 
line has a positive slope in the P -  T diagram. The dia­
mond melting line for the Brenner bond-order potential 
(dashed line in Fig. 2), obtained by computer simulation 
[14], also shows a positive slope. However, comparison 
with the shock-wave experiment at 140 GPa indicates that 
the Brenner model underestimates the diamond melting 
temperature.
Realistic modeling of the carbon phase diagram involv­
ing liquid, graphite, and diamond requires an accurate 
description of the interatomic interactions, combined 
with a precise evaluation of the relative stability of the 
involved phases. In practice, the latter requires the evalu­
ation of the free energy of state points in all phases in­
volved. The Brenner bond-order potential does not provide 
an accurate description of graphite since it does not ac­
count for the interactions among the planar sheets. 
Presently, density-functional theory based ab initio MD 
simulations would provide the best possible approach. 
However, for carbon, such an approach would be prohibi­
tively expensive, in particular, when combined with free- 
energy calculations. Recently, some of us [17,21] proposed
a semiempirical long-range carbon bond-order potential 
(LCBOP) that is partly based on ab initio data. This is 
the first empirical potential that is capable of providing an 
accurate description of all phases involved. The LCBOP 
accounts for the interplanar interactions in graphite, and it 
closely matches the ab initio MD results for the liquid 
structure of carbon [21]. This makes the LCBOP uniquely 
suited to predict the carbon phase diagram. The present 
Letter reports the phase diagram of LCBOP carbon up to 
T = 12000 K and P = 400 GPa. Note that at pressures 
and temperatures much higher than considered here carbon 
may form structures with higher coordination numbers 
[22]. Proper modeling of that region of the phase diagram 
may require an adaption of the LCBOP.
The properties of the liquid, graphite, and diamond 
phases were determined by Monte Carlo simulations. 
Coexistence lines were determined by locating points in 
the P -  T diagram with equal chemical potential for the 
two phase involved. To this purpose, we first determined 
the chemical potential for liquid, graphite, and diamond at 
an initial state point (P = 10 GPa, T = 4000 K). 
Subsequently, the L-G, L-D, and G-D coexistence pres­
sures at T = 4000 K were located. In turn, these coexis­
tence points served as the starting point for the 
determination of the graphite melting, diamond melting, 
and G-D coexistence lines, obtained integrating the 
Clausius-Clapeyron equation (dT/dP = T A v /A h ,  where 
A v  is the difference in specific volume, and Ah the differ­
ence in molar enthalpy between the two phases).
For all phases, the free energies at the initial state point 
F* were determined by transforming the systems into a 
reference system Fref of known free energy, using UA = 
(1 -  A)U* + AUiei. Here, U* and Uref denote the potential 
energy function of the LCBOP and the reference system, 
respectively. The transformation is controlled by varying 
the parameter A from 0 to 1. The free-energy change upon 
the transformation was determined by thermodynamic in­
tegration:
F* =  F ref + J 1 dA(Uiei -  U*)A. (1)
The symbol (.. .)A denotes the ensemble average with the 
potential UA.
For the liquid phase the reference system was taken to be 
a Lennard-Jones 12-6 (LJ) system. The LJ liquid free 
energy has been accurately parametrized [23]. The LJ e 
parameter was chosen such that at T = 4000 K the LJ 
liquid was above the critical temperature. The LJ a  pa­
rameter was determined by matching the first peak of the 
radial distribution functions of the LCBOP and the LJ 
liquid at the same position, ensuring optimal similarity 
between the structure of the two liquids. For the solid 
phases the Einstein crystal was taken as the reference 
system [24]. The Einstein crystal spring constant was fixed 
in such a way that the mean-squared displacement from the 
equilibrium lattice positions of the Einstein crystal and the 
LCBOP are equal.
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The chemical potential x  along the 4000 K isotherm 
was obtained by integrating from the initial state point a fit, 
P(p) = a + bp + cp2, through simulated (P, T) state 
points along the 4000 K isotherm. Here, p is the number 
density, and a, b, and c are fit parameters. This yields for 
the chemical potential [25]
ß X (P ) = + ß ( p  + b lnpp* + b + c(2P -  P * ^•
(2)
Here, p * denotes the number density at the initial state 
point, N  the number of particles, and ß  = 1/kBT , with kB 
the Boltzmann constant.
Monte Carlo simulations were performed for systems of 
216 carbon atoms. For graphite, the atoms were placed in a 
periodic rectangular box with an edge-size ratio of about 
1:L5:L7. For the liquid phase and diamond a periodic 
cubic box was used. State points for the 4000 K isotherm 
and the coexistence lines were obtained by constant pres­
sure simulations. State points for the evaluation of Eq. (1) 
were simulated at constant volume. In the evaluation of the 
thermodynamic integration of Eq. (1) we used a ten-point 
Gauss-Legendre scheme. The parameters a  and e for the 
LJ fluid were 0.127 nm and 31-84 kJ/mol. The Einstein 
crystal spring constant was set to 453 000 and 
39700 kJ/(molnm2) for graphite and diamond, respec­
tively. The free energies ß F cei/N  were -10-863, 
-5-755, and -1-912 for the liquid, graphite, and diamond 
reference systems, respectively. The integration in Eq. (1) 
yields for ßF*/N: -25-137 ± 0-002, -25-090 ± 0-006, 
and -24-583 ± 0-002. The fit parameters [a/GPa, 
b/(GPanm3), c/(GPanm6)] in Eq. (2) yield values of 
(89.972, 1.9654, 0.011092), (74.809, 3.6307, 0.019102), 
(108.29, 2.2707, 0.011925).
The three curves, x L, XG, X0 , as given in formula (2), 
intersect in pairs in three points (these points are shown as 
a solid triangle, square, and diamond in Fig. 1). The 
intersections locate the G-L coexistence at 6-72 ± 
0-60 GPa (x GL =  —24-21 ±  0- 10kBT), and the G-D coex­
istence at 15-05 ± 0-30 GPa (x Go =  -23-01 ± 0-03kBT). 
The third intersection locates a D-L coexistence at =  
12-75 ± 0-20 GPa (x OL =  _ 23-24 ± 0-03kBT). Even 
though both the diamond and the liquid are there meta­
stable, this point can be taken as the starting one for the 
Clausius-Clapeyron integration of the diamond melting 
line. Starting from the three coexistence points at 
4000 K, the coexistence lines were traced by integrating 
the Clausius-Clapeyron equation using the trapezoidal-rule 
predictor-corrector scheme [26].
The calculated phase diagram in the P -  T  plane is 
shown in Fig. 1 for the low pressure region, and in Fig. 2 
for the full range of pressures and temperatures considered. 
Table I lists the densities of selected points on the coex­
istence lines. The three coexistence lines meet in a triple 
point at 16-4 ± 0-7 GPa and 4250 ± 10 K. The G-D coex­
istence line agrees very well with the experimental data. In
the region near the L-G-D triple point, which has not been 
directly probed in experiments, the G-D coexistence line 
bends to the right, departing from the usually assumed 
straight line [8]. Analysis of our data shows this is mainly 
due to the fast reduction with increasing pressure of the 
interplanar distance in graphite at those premelting tem­
peratures. This causes an enhanced increase of the density 
in graphite, yielding a decrease of dT/dP.
The calculated graphite melting line is monotonically 
increasing in a small temperature range around 4000 K. In 
contrast to data inferred from experiments, it shows no 
maximum and is at a somewhat lower temperature. In 
agreement with the experiments, the coexistence tempera­
ture is only slowly varying with pressure. Inspection re­
veals that this behavior is due to (i) the limited variability 
of the melting enthalpy, and (ii) a similar bulk modulus for 
liquid and graphite such that Av is almost constant.
The slope of the diamond melting line is consistent with 
the only experimental point available [5] (see Fig. 2). 
When compared to the diamond melting line of the 
Brenner model [14], the LCBOP diamond melting line 
has a steeper slope yielding significantly higher tempera­
tures for the diamond melting line. The other important 
distinction from the Brenner potential is that the LCBOP 
exhibits no liquid-liquid transition near the graphite melt­
ing line [13], consistent with the ab initio MD simulations 
[15,21], tight-binding MD simulations [27], and MD simu­
lations employing an improved Brenner potential [28]. We 
found that, in the liquid near the graphite melting line, the 
coordination was rather constant with dominant threefold 
coordination, and a small fraction of twofold coordinated 
atoms. Only a tiny fraction of fourfold coordinated struc­
tures appears at densities near the triple point. Along the 
diamond melting line, from the triple point up to 400 GPa, 
the threefold coordinated atoms are gradually replaced by 
fourfold coordinated atoms. However, only at 300 GPa, 
10 500 K does the liquid have an equal fraction of threefold
TABLE I. Pressure (P), temperature (T), and solid and liquid 
densities (p) along the melting lines.
Graphite melting line
P  [GPa] T [K]pg [10 3 kg/m 3]pL [10- 3 kg/m 3]
2.0 3800 2.134 1.759
6.7 4000 2.354 2.098
16.4 4250 2.623 2.414
Diamond melting line
P  [GPa] T [K]po [10- 3 kg/m 3]pL [10- 3 kg/m 3]
16.4 4250 3.427 2.414
25.5 4750 3.470 2.607
43.9 5500 3.558 2.870
59.4 6000 3.629 3.043
99.4 7000 3.783 3.264
148.1 8000 3.960 3.485
263.2 10000 4.286 3.868
408.1 12000 4.593 4.236
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and fourfold coordinated atoms. These results contradict 
the generally assumed picture (see, e.g., Ref. [11]) that 
diamond melts into a fourfold coordinated liquid.
We determined the properties of the metastable liquid 
along the graphite melting line in the diamond region. 
Figure 2 shows the liquid P -  T state points (crosses) 
that exhibit an equal number of three and fourfold coordi­
nated atoms. It ranges from the high-pressure, high- 
temperature region where the liquid is thermodynamically 
stable down into the diamond region, where the liquid is 
metastable for the LCBOP. The circles indicate state points 
in which the LCBOP liquid freezes in the simulation. 
Between the two sets of points lies the diamondlike liquid 
addressed in Ref. [21]. This liquid shows a mean square 
displacement much lower than the mainly threefold liquid, 
and a diamondlike structure in the first coordination shell. 
This suggests that a (meta)stable liquid with a dominantly 
fourfold coordination may exist only for pressures beyond 
~  100 GPa. This could imply that the freezing of liquid 
into a diamond structure might be severely hindered for a 
large range of pressures beyond the L-G-D triple point. In 
Ref. [21] it is also pointed out that at 6000 K the equation 
of state shows a change of slope around the transition to the 
fourfold liquid. At even lower temperatures this feature 
becomes more and more evident, but for temperatures 
lower than ~4500 K the liquid freezes into a mainly four­
fold coordinated amorphous structure. This observation is 
consistent with quenching MD simulations [29,30] to ob­
tain the tetrahedral amorphous carbon. In those simulations 
a mainly threefold liquid freezes into an almost completely 
fourfold amorphous.
In summary, using an accurate semiempirical bond­
order potential (LCBOP) we could predict the carbon 
phase diagram comprising graphite, diamond, and the 
liquid. We found the graphite-diamond line in good agree­
ment with experimental data, confirming the accuracy of 
the LCBOP. The slope of the calculated graphite melting 
line, where experimental data are of limited accuracy, 
provides evidence against the existence of a possible 
liquid-liquid phase transition. Furthermore, even at higher 
pressure along the diamond melting line, no signal of such 
a transition was found. Our results for the graphite-dia­
mond-liquid triple point and the diamond melting line may 
be considered the most accurate prediction to date. The 
calculated phase diagram provides a starting point for 
studying the (kinetics of) nucleation of liquid carbon, of 
importance in the area of geophysics and astrophysics, and 
the synthetic manufacturing of extremely robust 
compounds.
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